Objective: Immune checkpoint inhibitors, especially the programmed cell death receptor-1/ ligand 1 (PD-1/L1) inhibitors, displayed promising efficacy in non-small cell lung cancer (NSCLC) patients. Incorporation of anti-PD-1/L1 antibodies into other therapeutic regimens (including CTLA-4 inhibitors, chemotherapy, EGFR-TKIs and IDO inhibitors) is currently in active clinical research. This meta-analysis summarized recent developments in four combination regimens of PD-1/L1 inhibitors. Methods: We searched PubMed, the Cochrane Library and the Embase database up to July 2018, on the combination therapy of PD-1/L1 inhibitors in NSCLC patients. Results: Seventeen trials were finally included in the current meta-analysis. The combined objective response rates (ORR) for PD-1/L1 inhibitors in combination with CTLA-4 inhibitors, chemotherapy, EGFR-TKIs, and IDO inhibitors were 32% (19%-44%), 49% (46%-53%), 55% (28%-83%) and 35% (20%-50%) respectively. The combined ORR for first line PD-1/L1 inhibitors combination with CTLA-4 inhibitors, chemotherapy, and EGFRTKIs were 35% (17%-53%), 51% (46%-56%) and 43% (−7%-93%) respectively, and the combined ORR in the second or more line setting were 36% (8%-65%), 17% (−13%-46%), 39% (19%-59%) and 35% (20%-50%) respectively. The pooled 6-month progression-free survival rate (6m PFSr) and 1-year overall survival rate (1y OSr) for combination therapy of PD-1/L1 inhibitors with CTLA-4 inhibitors or chemotherapy were 35% or 65% (6m PFSr) and 31% or 70% (1y OSr) respectively. Anti-PD-1/L1 drugs combined with anti-CTLA-4 drugs exhibited a more potent efficacy on PD-L1 positive patients (OR=0.33, 95%CI: 0.12-0.88). This trend was not observed in patients receiving combination therapy of PD-1/L1 inhibitors with chemotherapy (OR=0.96, 95%CI: 0.51-1.78). Conclusion: The included four combination regimens were potential treatment strategies and well tolerated for NSCLC patients. Further, the therapy lines and PD-L1 expression status were correlated with treatment efficacy.
Introduction
Lung cancer has become the most common malignant tumor worldwide, with high mortality. 1 In 2016, the epidemiological data from the USA displayed that the incidence Recently, the discovery of immune checkpoint inhibitors has led to a step forward in the treatment of advanced NSCLCs. Immune checkpoints such as PD-1/L1 and cytotoxic T-lymphocyte antigen-4 (CTLA-4) were considered as the main brakes of T cell immune response, creating a comfortable microenvironment for tumor growth and assisting tumor escape from the body's immune response. 4, 5 Many tumor cells are capable of upregulating the expression of PD-L1, which results in the inability of cytotoxic T cells after ligand binding to PD-1. [6] [7] [8] Therefore, blockade of the PD-1 pathway with monoclonal antibodies against PD-1 or PD-L1 can improve the body's immune response against tumor cells. Indeed, immune checkpoint inhibitors achieved unprecedented antitumor efficacy, in particular, PD-1/L1 inhibitors. [10] [11] [12] [13] [14] [15] In 2015 and 2016, the FDA approved 3
immune checkpoint inhibitors (anti-PD-1 antibodies: nivolumab, pembrolizumab; anti-PD-L1 antibodies: atezolizumab) for the therapy of patients with metastatic NSCLC who have progressed on from first-line platinum-based doublet chemotherapy. [16] [17] [18] In late 2016, the US Food and Drug Administration (FDA) further approved pembrolizumab for the first-line therapy for patients with advanced non-squamous or squamous NSCLC. 19 However, primary resistance to anti-PD-1/L1 antibody was commonly observed. 20 Under this circumstance, it is difficult to achieve a long-lasting antitumor efficacy with single-agent monotherapy, which only covers a small population of patients. To enhance clinical benefits of immunotherapy for NSCLC patients, anti-PD-1/L1 antibodies are being evaluated in combination with CTLA-4 inhibitors, chemotherapeutic agents, epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs), indoleamine-2,3-dioxygenase (IDO) inhibitors, etc. A series of phase I/II studies on NSCLC have confirmed the efficacy of combination therapy. [21] [22] [23] [24] However, most of those trials were performed without comparable forms, and usually as a single arm. Considering the small samples of these studies, therefore, we made a timely summarization by quantitative metaanalysis, in which all available evidence was incorporated to evaluate the efficacy and safety of PD-1/L1 inhibitors combination therapy including anti-CTLA-4 antibody, chemotherapy, EGFR-TKIs and IDO inhibitors on NSCLC patients.
Methods

Search strategy
This meta-analysis was performed in accordance with Preferred Reporting Items for Systematic Reviews (PRISMA) guidelines. We searched PubMed, the Cochrane Library and the Embase database up to July 2018, for randomized clinical trials (RCTs) which including the combination therapy with the anti-PD-1/L1 MoAb for advanced NSCLC patients. The following search terms were used: "nivolumab" OR "opdivo" OR "ONO-4538" OR "BMS-936558" OR "MDX-1106" "atezolizumab" OR "Tecentriq" OR "MPDL-3280A" OR "RG-7446" OR "pembrolizumab" OR "Keytruda" OR "lambrolizumab" OR "MK-3475" OR "PEMBRO" OR "durvalumab" OR "MEDI-4736" OR "Imfinzi" OR "pidilizumab" OR "CT-011" OR "PD-1" OR "PD-L1" OR "PD-1/PD-L1" OR "programmed cell death 1" OR "programmed cell death ligand 1" and "NSCLC" OR "non-small-cell lung cancer" OR "non-small-cell lung carcinoma" and combined OR combination. We also reviewed the relevant abstracts from the American Society of Clinical Oncology (ASCO), World Conference on Lung Cancer (WCLC) and European Society of Medical Oncology (ESMO). We also searched the ClinicalTrials.Gov website (https://clinicaltrials.gov) to find ongoing studies and unpublished data.
Selection criteria
The inclusion criteria for the eligible studies were as follows: I) patients who were histologically diagnosed with advanced NSCLC; II) studies reporting the combination therapy of anti-PD1/L1 antibody with CTLA-4 inhibitors/chemotherapy/EGFR-TKIs/IDO inhibitors; III) studies with available primary outcome (objective response rate: ORR); IV) studies published in English. In the event that studies with multiple follow-ups over time, we only reported the most up-to-date data. Studies failing to meet the inclusion criteria would be excluded in the current meta-analysis.
Data extraction
The work of data extraction and assessment was done by two different authors (Ning Wan and Bo Ji) independently, and discrepancies were further discussed with the third author (Tiantian Zhang) to reach consensus. For each clinical trial, the information of the first author, year of publication, number of patients, ORR, PFS, OS and safety outcomes including rate of Grade 3-Grade 5 drug-related adverse effects (G3-5 DRAEs), pneumonitis and drugrelated death was recorded.
Risk of bias within studies
Risks of bias within studies without comparable arms were assessed using the methodological item for non-randomized studies (MINORS) reported by Slim. 25 The Cochrane Risk of Bias tool was used for the randomized controlled trials. The study quality was assessed by two reviewers (Ning Wan and Bo Ji) independently, and the assessments were verified by the third reviewer (Chen Yang).
Statistic analysis
The pooled data of ORR, 6-month progression-free survival rate (6m PFSr), 1-year overall survival rate (1y OSr), G3-G5 DRAEs, pneumonitis, and drug-related death rate were obtained by Stata version 14.0 (Stata A Corp, College Station, TX, USA). In addition, ORR were further stratified depending on the PD-L1 expression status of the tumor. Since the definition of PD-L1 positivity was different in clinical trials, 19 we selected PD-L1≥1% as a cutoff to identify PD-L1 positive patients in our studies according to the literature. 26 The heterogeneity of the extracted data was evaluated by I 2 statistic and chi-square Q test, in which I 2 ≥50% (for the I 2 statistic) or P≤0.05 (for the Q test) was considered significant heterogeneity. Randomeffects model was applied under the circumstance of high potential heterogeneity, to avoid underestimating the standard errors of pooled data.
Assessment of publication bias
Funnel plot, Egger linear regression test, and Begg rank correlation method were applied to determine publication bias.
Results
Search results
As shown in Figure 1, were performed with control groups; others were performed as a single arm or multiple arms. The detailed characteristics of the enrolled studies are summarized in Table 1 .
Risk of bias in individual studies
The risks of bias within the 17 studies included in the current study are summarized in Tables S1 and S2 .
Meta-analysis results of anti-PD-1/L1 antibody combination therapy
Pooled ORR
ORR data were extracted from 17 studies for metaanalysis to assess the efficacy of combination regimens. The pooled ORR was 44% (95% CI: 36-52%) and the random effects model was applied as significant heterogeneity was detected (I 2 =86.0% P<0.001, Figure 2 Figure 4A ). The pooled ORR of anti-PD-1/L1 antibody combination therapy with anti-CTLA-4 antibody/ chemotherapy/EGFR-TKIs in the first-line setting for NSCLC patients was 35% (95% CI: 17-53%), 51% (95% CI: 46-56%) and 43% (−7-93%) respectively ( Figure 4A ). A total of 5 eligible trials 24, 27, 28, 34, 39 involving 125 patients were included to evaluate the efficacy of anti-PD -1/L1 antibody combination therapy in the second or more line setting for NSCLC patients, and the ORR ranged from 17% to 55%. The combined ORR was 32.0% (95% CI:
23-42%) ( Figure 4B ). The pooled ORR of anti-PD-1/L1 antibody combination therapy with anti-CTLA-4 antibody/ chemotherapy/EGFR-TKIs/IDO inhibitors in the second or more line setting for NSCLC patients was 36% (95% CI: 8-65%), 17% (95% CI: −13-46%), 39% (95% CI:19-59%) and 35% (95% CI:20-50%), respectively ( Figure 4B ). 
PD-L1 positive versus negative
Nine studies without the ORR data correlated with PD-L1 expression status were excluded in the related analysis. As we selected PD-L1≥1% as a cutoff to identify PD-L1 positive patients, studies 24, 29, 31 reporting other PD-L1 expression levels were excluded. Five studies 21, 28, 32, 33, 36 with 287 patients assessed the ORR correlated with the tumor PD-L1 expression status. Among 183 patients with PD-L1 expression positive status (≥1% of expression), the ORR was 50% (95% CI: 40-60%, Figure 5A ). The pooled ORR of anti-PD-1/L1 antibody combination therapy with anti-CTLA-4 antibody/chemotherapy was 43% (95% CI: 17-70%)/54% (95% CI: 45-63%) respectively ( Figure 5A ). Among 104 patients with PD-L1 expression negative status (<1% of expression), the ORR was 38% (95% CI: 22-54%, Figure 5B ). The pooled ORR of anti-PD-1/L1 antibody combination therapy with anti-CTLA-4 antibody/chemotherapy was 20% (95% CI: 8-32%)/52% (95% CI: 39-64%) respectively ( Figure 5B ). The pooled ORR of combination therapy involving PD-1/ L1 inhibitors was similar in PD-L1 positive and negative NSCLC patients (OR=0.67, 95% CI: 0.38-1.20, Figure 6 ).
For the patients receiving anti-PD-1/L1 therapy combination therapy with anti-CTLA-4 antibody, patients with PD-L1 positive status exhibited a superior ORR than those with PD-L1 negative status (OR=0.33, 95% CI: 0.12-0.88, Figure 6 ). For the patients receiving combination therapy of anti-PD-1/L1 therapy with chemotherapy, patients with PD-L1 positive status showed a similar ORR with those in PD-L1 negative status (OR=0.96, 95% CI: 0.51-1.78, Figure 6 ).
Pooled 6m PFSr and 1y OSr
6m PFSr data were extracted from 4 studies 31, 33, 34, 36 for metaanalysis. The pooled 6m PFSr was 55% (95% CI: 31-80%), and a random effects model was applied as significant heterogeneity was detected (I 2 =91.6% P<0.001, Figure 7A ). We then performed a subgroup analysis of the combination regimens, dividing into two groups: anti-PD-1/L1 antibody combination therapy with anti-CTLA-4 antibody/chemotherapy for NSCLC patients. The combined ORR values were 35% (95% CI: 21-48%), 63%(95%Cl: 47%-80%) respectively ( Figure 7A ). The 1y OSr data were extracted from 4 studies 22, 30, 33, 36 for meta-analysis. The pooled 1y OSr was 62% (95% CI: 41-83%), and a random effects model was Figure 7B ). The subgroup analysis of the combination regimens achieved an ORR 31% (95% CI: 23-39%) with anti-CTLA-4 antibody, and 70% (95% CI: 67-74%) with chemotherapy ( Figure 7B ).
Adverse effects
Adverse effects including the rate of G3-5 DRAEs, pneumonitis and drug-related deaths are recorded in Table 2 . Data of G3-5 DRAEs rate were not available in 4 studies, 22, 23, 34, 35 pneumonitis (≥G3) rate was not available in 3 studies, 28, 32, 39 and drug-related death rates were not available in 5 studies, 23, 24, 35, 37, 38 so that these studies were excluded in the correlated meta-analysis. A meta-analysis of the safety outcomes from different combination regimens is exhibited in Table 3 . Here, we concluded the combination regimens that have data available, in fact, a large number of ongoing clinical trials are investigating these regimens for NSCLC patients. A summary of ongoing clinical trials enrolling NSCLC patients for the combination therapy of anti-PD1/L1 antibody with other treatments, including anti-CTLA-4 antibody, chemotherapy, targeted therapy or IDO inhibitors other immunotherapies, and chemotherapy, is presented in Table 4 .
Sensitivity analysis
In order to detect how the uncertain factors impacted the final results, a sensitivity analysis was performed in the current study. The sensitivity analysis indicated that none of the single studies would significantly affect the results of PD-1/L1 inhibitor combination therapy (data not shown).
Publication bias
A funnel plot analysis of the studies of PD-1/L1 inhibitor combination therapy indicated an asymmetric distribution ( Figure S1 ); the Egger linear regression test (t=3.67, P=0.002) verified that there was potential publication bias ( Figure S2 ). However, the Begg rank correlation method (z= −0.16, P=0.869) indicated there was no publication bias ( Figure S3 ). As Egger's linear regression method was reported to have stronger statistical and discriminatory powers than Begg's method for detecting publication bias 40 and combining the results of the funnel plot, we identified that there was potential publication bias in the current study. One possible reason is the small sample size of trials.
Discussion
The current meta-analysis observed that the combination therapy involving PD-1/L1 inhibitors with other therapeutic Figure 5 Forest plot of the pooled overall response rate (ORR) of anti-PD-1/L1 antibody combination therapy for PD-L1 expression positive (A) and negative (B) NSCLC patients. Abbreviation: NSCLC, non-small cell lung cancer. Figure 6 Meta-analysis of the associations between overall response rate (ORR) and programmed death-ligand 1 (PD-L1) expression.
regimens (including CTLA-4 inhibitors, chemotherapy, EGFR-TKIs and IDO inhibitors) demonstrated promising efficacy and tolerable safety profile. We also found that combination therapy of PD-1/L1 inhibitors with CTLA-4 inhibitors exhibits potent efficacy to PD-L1 positive patients. Meanwhile, for patients receiving combination therapy of PD-1/L1 inhibitors with chemotherapy, it showed similar efficacy in PD-L1 positive or negative patients. Xu et al 41 performed a meta-analysis to investigate potential treatment strategies using combinations of PD-1/L1 inhibitors with chemotherapy or other CTLA4 inhibitors in the first-line setting for lung cancer patients. In our meta-analysis, we focused on the combination regimens of PD-1/L1 inhibitors for NSCLC patients. To supplement this, we updated the data of combinations of PD-1/L1 inhibitors with chemotherapy or CTLA4 inhibitors, and the combination of PD-1/L1 inhibitors with EGFR-TKIs or IDO inhibitors was also included. In addition, the first line and second or more line settings for NSCLC patients were analyzed in the current meta-analysis. More importantly, we further evaluated the impact of PD-L1 status on combination therapy of PD-1/L1 inhibitors with CTLA-4 inhibitors or chemotherapy. Oncogenic alteration in the EGFR pathway is related to the induction of PD-L1 expression and makes lung tumors susceptible to PD-1 blockade in a preclinical model, 42 which demonstrated that a combination of EGFR TKIs with PD-1/L1 inhibitors might be a promising therapeutic regimen to prolong the duration of response and prevent or delay resistance. 43 In the current meta-analysis, we pooled the available data for combination therapy of PD-1/L1 inhibitors with EGFR TKIs for NSCLC patients. IDO is an enzyme mediating cleavage of tryptocan to kynurenine. High expression of IDO often leads to an immunosuppressive tumor microenvironment, which increased the differentiation of regulatory T (Treg) cells, impaired the activity of effector T cells, and decreased the functions of dendritic cells. 44 It was reported IDO inhibitors had synergistic antitumor effects in melanoma models with immune checkpoint inhibitors. 45 These preclinical data establish a strong foundation for exploration of clinical combination therapy of PD-1/L1 inhibitors with IDO inhibitors. Therefore, in the current meta-analysis, we also pooled the available data for combination therapy of PD-1/L1 inhibitors with IDO inhibitors for NSCLC patients. The pooled ORR of the combination regimens of PD-1/ L1 inhibitors for NSCLC patients was 44% in our metaanalysis. As there was significant heterogeneity, we then performed a subgroup analysis of the combination regimens for NSCLC patients. The combined ORR for first line PD-1/L1 inhibitors, in combination with CTLA-4 inhibitors and chemotherapy were 35% and 51%, respectively, which was consistent with previous results. 41 However, one of the included studies for combination therapy of PD-1/L1 with inhibitors in their meta-analysis enrolled patients who had received ≥2 prior lines (55%). 29 In the current study, the ORR of combination therapy for the second or more line setting was also evaluated. It worth noting that the ORR of PD-1/L1 combination therapy with chemotherapy or EGFR-TKIs in the second or more line setting decreased compared with that in the first line setting. This might be partly associated with the reason that monotherapy of PD-1/L1 inhibitors achieved lower efficacy in the second or more line setting for NSCLC patients. 46 In the subgroup analysis, the pooled 6m PFSr and 1y OSr for combination therapy of PD-1/L1 with CTLA-4 or chemotherapy were 35% or 65% (6m PFSr) and 31% or 70% (1y OSr), respectively. The results were in line with the study 41 of the combination therapy of PD-1/L1 inhibitors and chemotherapy, while the results were not available for the combination therapy of PD-1/L1 inhibitors and CTLA-4 inhibitors in Xu's study. PD-L1 expression in immune cells and tumor cells has become a biomarker which can assist in decision-making in clinical treatment strategies. 47 Nearly 50% of NSCLC patients are reported to have high expression of PD-L1, and this may result in poor prognosis. 48 Wang et al 49 and
Zhang et al 50 found that NSCLC patients exhibited poor OS with positive PD-L1 expression. Our result showed that the pooled ORR of combination therapy of PD-1/L1 inhibitors for PD-L1 positive or negative NSCLC patients had no significant difference. As for subgroup analysis, anti-PD-1/L1 drugs combined with anti-CTLA-4 drugs exhibited a more potent efficacy on patients with high expression of PD-L1. This trend was not observed in patients receiving combination therapy of PD-1/L1 inhibitors and chemotherapy. As was reported in a recent phase III study, the efficacy of nivolumab was uncorrelated with PD-L1 expression in squamous-cell NSCLC. 11 In our study, we did not report the related outcome for NSCLC patients with different histologies due to the limitation of RCTs, which may account for the results in our study to some extent.
Despite the impressive response rates of immune checkpoint inhibitors, they can contribute to both unique and severe toxicities. [51] [52] [53] In the current meta-analysis, the results showed that the combined strategies were relatively safe and remained tolerable. The use of the PD-1/L1 inhibitors had been reported to correlate with the development of severe pneumonitis which had resulted in drug-related deaths in clinical trials. [11] [12] [13] 15 Hence we also assessed the rate of pneumonitis in the combination regimens. The combination of PD-1/L1 inhibitors with IDO inhibitors showed a relatively high rate of pneumonitis. As for the rate of drug-related death, the four combination regimens were almost the same.
Despite the data of combination regimens discussed in the meta-analysis, plenty of clinical trials are ongoing. The ongoing clinical trials for combination therapy of PD-1/L1 inhibitors with CTLA-4 inhibitors, chemotherapy, EGFR-TKIs, and IDO inhibitors are described in Table 1 . Recently, a phase III RCT, named the MYSTIC study (NCT02453282), failed to fulfill its primary endpoint. The strategy of durvalumab combined with tremelimumab (CTLA-4 inhibitors) failed to prolong PFS compared with chemotherapy in NSCLC patients with PD-L1 expression>25%. The recent results of CheckMate370 (NCT02574078), a phase II/III RCT, were promulgated. 54 Thirteen patients were treated with nivolumab plus crizotinib, and 5 patients (38%) discontinued the combination therapy due to severe hepatic toxicities. Two of the 5 patients died, which might be caused by the presence of severe hepatic toxicities. Enrollment for combination therapy was closed, and the treatment strategy discontinued due to severe hepatic toxicities (Grade≥3). Only 5 patients (38%) had a partial response. Overall, the results of the study do not support further assessment of the current combination regimens.
There are several limitations to the current meta-analysis. Firstly, most of the included studies in the meta-analysis were performed without comparable arms, and some of them only had a very small sample size. Even so, large numbers of studies focusing on PD-1/L1 inhibitors in combination with other agents are ongoing, and we will update the meta-analysis in the future. Secondly, the definition of PD-L1 positive status varied in the recent studies, and the optimal cutoff value for PD-L1 positive status is controversial. Hence, to identify a specific biomarker for anti-PD-1/L1 therapy becomes imperative. Thirdly, we have not distinguished the impact of histology subtype of NSCLC (squamous or non-squamous) on the efficacy of combination therapy, due to the limitation of included trials. Additionally, we did not analyze the PFS and OS due to limitations of the included data, and a potential impact of selection bias and publication bias existed. Finally, compared with a traditional meta-analysis, the pooled single arm meta-analysis was not yet mature.
Conclusion
In summary, the four combination regimens involving PD-1/L1 inhibitors with CTLA-4 inhibitors, chemotherapy, EGFR-TKIs and IDO inhibitors were potential treatment strategies and well tolerated for NSCLC patients. Further, the therapy lines and PD-L1 expression status were correlated with treatment efficacy.
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